In order to synthesize the noise of internal combustion engines at arbitrary speed variations, an overlap-add-based method is proposed to be applied to sound samples extracted from a prerecorded engine noise at a continuously-varying speed. The objective of this new method is to minimize the phase discontinuities between a finite number of harmonics of the sample sounds likely to be concatenated. The harmonicity of the synthesized signal is then preserved which greatly enhances the acoustic quality of the restitution. Moreover, the synthesis stage is well suited for real time applications due to a low computational load compared to existing approaches. The proposed analysis-synthesis method can be applied to any harmonic sound whose spectral content depends solely on its fundamental frequency. By analogy to existing overlap-and-add methods, the method introduced here is referred to as Harmonic Synchronous Overlap and Add (HSOLA).
INTRODUCTION
The real time synthesis of engine noise has numerous applications in the field of road traffic auralization, but also in other areas such as driving simulators [1] or evaluation of exterior and interior vehicle sound quality [2, 3] . The existing methods are not optimal for real time applications. Therefore, a new method to synthesize engine sounds but also other types of non-stationary harmonic signals whose spectral content depends only on the instantaneous fundamental frequency value is introduced in the following. It requires very low computational load compared to existing methods. It is based on the principles of overlap-and-add (OLA) algorithms such as the Synchronous OLA (SOLA) introduced by Roucos [4] and discussed by Jones [5] , the Pitch Synchronous OLA (PSOLA) [6] and the Waveform Similarity OLA (WSOLA) [7] . These methods were originally developed for pitch-scale and time-scale modifications of speech. The method introduced here intends to create a dataset of samples ordered with respect to their fundamental frequency varying according to the speed variations of the engine. The dataset is constructed such that any continuous evolution of the fundamental frequency can be rendered by overlapping and adding properly selected sound samples. The prevailing improvement of this method over existing OLA algorithms is the phase continuity of the harmonics of the synthesized signal. In fact, the pitch synchronization or the waveform similarity synchronization used in the PSOLA and WSOLA algorithms is not sufficient to preserve the harmonicity in the synthesized signal when applied to engine noise. The method introduced here is therefore referred to as Harmonic Synchronous Overlap and Add (HSOLA).
CONSIDERED ENGINE NOISE MODEL
An engine noise sound signal is essentially harmonic due to the sequential explosions occurring in the engine cylinders. In this paper, only the four-stroke internal combustion engine is considered as it is used for most production cars, trucks and motor bikes. In this case, the explosion frequency is given by Fex = Nc rpm/120, where Nc is the number of cylinders in the engine and rpm the number of revolutions per minute. Two subsequent explosions do not occur in the same cylinder, thus, they are not identical. Likewise, two subsequent engine revolutions do not contain the explosions of the same cylinders. On that account, two other frequencies and their harmonics enrich the spectrum of an engine sound, Fen = rpm/60 and Fc = rpm/120, where Fen is the frequency corresponding to an engine revolution and Fc is the fundamental frequency corresponding to a complete cycle of the engine (two revolutions). In this paper, the noise emitted by an internal combustion engine is supposed to be fully characterized by its fundamental frequency and thus no dependency on the load applied to the engine is considered. An engine noise at constant speed can thus be modeled as
where n is the discrete time index, F0 = Fc = rpm/120 is the fundamental frequency, A F 0 ,k and φ F 0 ,k are respectively the amplitudes and the initial phases of the harmonics and NF 0 [n] is the stochastic component of the engine noise. The amplitudes, phases and spectral coloration of the stochastic noise depend only on the fundamental frequency F0. In the following, the order of the most energetic component is noted kAmax. In practice, for a Nc-cylinder engine kAmax = Nc. ]. The variation of the engine speed (and thus of the fundamental frequency F0) must be slow enough to assume its local stationarity on at least one period duration. The input signal with continuously varying engine speed can thus be modeled locally by equation 1.
Analysis and sample dataset creation
The analysis stage aims at iteratively collecting sound samples from the input signal at equally spaced fundamental frequencies
where M is the total number of sound samples to extract, generally set to about one thousand for common engines of most production cars, trucks and motorbikes and i is the iteration index.
First, the evolution of the fundamental frequency of the input signal must be estimated. A variety of robust methods for fundamental frequency tracking exist in the literature. In this application, a simplified version of the YAAPT method introduced by Zahorian [8] is used. Then, for every fundamental frequency F i 0 for which a sound sample has to be extracted, a search interval Ii is defined as the time segment of the input signal for which the value of the frequency kAmaxF )/M so that the {Ii}i=0..M−1 intervals are disjoint). A sound sample is then extracted with an appropriate temporal window from each interval Ii. The fundamental frequency is assumed to be constant on the length of each extracted sound sample so that it can be modeled by equation 1. The main purpose of the HSOLA analysis will be to determine the optimal extraction instant, referred to as a pitch mark by analogy to the PSOLA terminology. Section 4 will describe this approach.
Synthesis
Once the dataset of sound samples is created, any arbitrary evolution of the fundamental frequency can be synthesized by applying the overlap-and-add algorithm on properly selected sound samples. The sample selection and the overlap-and-add constitute the synthesis stage of the HSOLA method, where the phase continuity is preserved for the harmonics, as described in Section 5.
ANALYSIS AND DATASET CREATION

Phase match optimization
To locate the optimal extraction instant in each interval Ii (defined in Section 3.2), a set of potential pitch marks is defined as the discrete time indexes {n i,l } l=1..l i,max (where l is the index of the potential pitch mark in interval Ii) where the initial phase of the harmonic component kAmaxF i 0 is null for the portion of the input signal starting at instant n i,l (modeled by
. These potential pitch marks are obtained by calculating the crosscorrelation function between a sinusoid of frequency kAmaxF i 0 and the portion of the input signal defined by the interval Ii. The sinusoid starts at zero phase and its length is set to the length of the sample to be extracted. Thus, the potential pitch marks correspond to the local maxima of the calculated cross-correlation.
As a first approach referred to as single harmonic phase match, the optimal pitch mark for frequency F i 0 is obtained as the global maximum of the cross-correlation function.
As a second approach referred to as multiple harmonic phase match, the phases of higher order harmonics are taken into account to further improve the harmonicity of the synthesized signal. In the following, the initial phase of the frequency component kF i 0 of the portion of the input signal starting at instant n i,l is noted φ F i 0 ,k,l . The 
where k is the order of the considered harmonic, ΔN l,k is the difference in samples between the potential pitch mark n i,l and the closest local maximum of the cross-correlation function calculated for the k th harmonic (see Figure 1b) and Fs is the sampling frequency.
To choose the optimal pitch mark n i,l i,opt among the set of potential pitch marks {n i,l }, the mean phase of each harmonic over a finite number Ns of previously extracted samples is computed as
where
is the phase of the k th harmonic of the extracted sound sample for frequency F i−j 0 during previous iterations. Then, for each potential pitch mark, a phase matching criterion C(l) is defined as the sum over the considered higher order harmonics of the phase differences (φ
weighted by the magnitudes of the cross correlations' local maxima in A-weighted decibels such that
where A i,l,k is the magnitude in db(A) of the local maximum of the cross-correlation function used to calculate φ F i 0 ,k,l . Experiments were conducted to determine practical values for the number of harmonics and the number of extracted samples Ns to consider for the calculation of φ F i 0 ,k . Good results were obtained using about 8 harmonics. In practice, higher numbers of harmonics increase the computational load of the algorithm without improving the quality of the synthesis. In fact, correlations exist between the phases of the harmonics of an engine noise and hence, synchronizing the phases of low order harmonics also improves the phase matching of higher order harmonics. The number Ns is chosen such that the criterion C(l) guarantees the phase continuity between sound samples that are likely to be concatenated during the synthesis stage. In practice, Ns can be set to 10 as explained in Section 5.2.
Creation of the sample dataset
Once a pitch mark has been optimally placed, the corresponding sound sample is extracted. The standard choice in existing OLA methods for the sample extraction envelope is a Hanning window containing an integer number of pitch periods. This window requires a 50% overlap during the synthesis stage and thus is not optimal in terms of complexity. A shorter overlap window such as in Figure 2 with a Tukey window is preferable.
The window length is adjusted to contain an integer number of pitch periods plus Δ (half the length of the attack (Δ/2) and half the length of the release (Δ/2), see Figure 2 ). During the synthesis stage, successive sound samples overlap by only Δ samples. To further simplify the algorithm, the length Δ is kept constant and set to 128 samples in practice, i.e., approximately 3 ms for 44.1 kHz sampled signals. In the particular case of engine noise, the extraction window is set to contain one period of the fundamental frequency plus Δ. This choice is relevant since a single period of the fundamental comprises the explosions of all cylinders of the engine. Hence, each extracted sound sample contains all the information about the engine sound at a given rotational speed.
SYNTHESIS
Overlap-and-add processing
The sample dataset created during the analysis stage allows the synthesis of any fundamental frequency evolution by overlapping and Fig. 3 . Phase matching using the HSOLA synthesis scheme applied to varying fundamental frequency sound samples.
adding the sound samples. The sound samples are selected (see Section 5.2) and concatenated with an overlap of Δ samples for the sample envelope defined in the previous section (see Figure 3) .
The selected overlap is sufficient to suppress the perceptive artifacts caused by slight differences in frequency and amplitude between successive sound samples. The pitch and harmonic synchronization performed in the analysis stage significantly improves the quality of this synthesis scheme with low overlap since the phases at the samples boundaries are tuned to be continuous.
Sample selection
A specific sample selection algorithm is implemented to ensure high quality synthesis. In the case of constant or slowly varying fundamental frequencies (engine regimes), a pseudo-random oscillation is added to the selected sample index in the dataset. The audible artifacts due to the successive selection of the same sample are thereby avoided. This oscillation is approximately zero mean to ensure that the average fundamental of the synthesized signal matches the target value. The maximum amplitude α of the oscillation must be large enough to provide sufficient choice for the selection of sound samples but should not induce large fundamental frequency discontinuities. In practice, α = 5 represents a good trade-off.
The value α also affects the choice of the number of sound samples Ns to consider in the calculation of φ F i 0 ,k during the analysis stage (see Section 4.1). To ensure a good phase continuity between sound samples likely to be concatenated, Ns should be set to the highest possible variation of the sample index between successively selected sound samples. Fast evolutions of the engine speed seldom occur. Hence, Ns can be set to 2α considering the pseudo-random oscillation as the highest possible variation of the sample index.
The main advantage of the proposed HSOLA analysis/synthesis scheme is that most of the algorithmic complexity is transferred to the analysis stage which is performed offline in the pre-processing stage. The operations during the synthesis stage are limited to the selection of each sound sample in the dataset and the addition of Δ samples per selected sound sample. Therefore, the HSOLA method is particularly well suited to the real time synthesis of engine sounds.
PERFORMANCE OF THE HSOLA APPROACH
Spectrogram based evaluation
The analysis of the spectral content of a synthesized signal with the proposed HSOLA method provides valuable material to assess the performance of the algorithm. Two engine noise signals were recorded with different variations of the fundamental frequency. The first signal, referred to as input 1, is used for the creation of two sample-datasets, first one using pitch marks based on single harmonic phase match and second one using multiple harmonic phase match as defined in Section 4.1. The fundamental frequency of the second signal (referred to as input 2) is used as the command to synthesize engine noise signals. Figure 4 shows the spectrograms of the two input signals and the two synthesized ones. They are obtained using Hanning windows of length 200 ms zeroppaded to 743 ms (32768 points) with a 50 % overlap. The sampling frequency is 44100 Hz. To better display the harmonic content of the synthetized signals, only a zoom between 0 and 1000 Hz is shown.
The difference between spectrograms Fig.4(c) and Fig.4(d) illustrates the importance of the phase continuity between sound samples on the harmonicity of the synthesized signal. With single harmonic phase match, Fig.4(c) , only the explosion frequency Fex and its harmonics are rendered properly. On the other hand, multiple harmonic phase match, Fig.4(d) , succeeds in preserving most of the harmonic content of engine noise signals. The phase matching of multiple harmonics greatly improves the quality of the synthesized signal.
Perceptive evaluation
In terms of sound quality, informal listening tests show that the sound signal synthesized with the HSOLA method is perceptually close to the input 2 signal. The tests also show clear improvement over existing approaches. Moreover, in the case of stationary fundamental frequency commands, the random sample selection algorithm presented in 5.2 is effective. There are no audible sample repetitions and the resulting perceived pitch sounds stationary.
More thorough listening experiments based on psychoacoustic test procedures will be conducted to assess the performance of the different steps of the algorithm such as the sample location process and the random sample selection algorithm.
CONCLUSION
In the present paper, a method to synthesize engine noise has been introduced. This method termed HSOLA can be applied to synthesize any harmonic signal with varying fundamental frequency if its spectral content depends only on the instantaneous fundamental frequency value. It aims at extracting from a recorded internal combustion engine noise, a dataset of sound samples corresponding to equally sampled fundamental frequency values. The sound samples can be concatenated using an appropriate sample selection and overlap-and-add algorithm to simulate any fundamental frequency evolution. The prevailing feature of the HSOLA method is the optimization of the sample location in the input signal so that the phases of the harmonics of the synthesized signal tend to be continuous. It is shown that this continuity ensures that the harmonicity of engine noise is preserved. Moreover, the low complexity of the synthesis of engine signals with the HSOLA method makes it particularly relevant for real time synthesis applications.
